Omnidirectional reductions in drag and fluctuating forces were achieved for a circular cylinder subjected to cross-flow by attaching cylindrical rings along its span at an interval of several diameters. The Reynolds number based on the cylinder diameter, d, ranged from Re d = 3000 to 38000 for the experiments. The aspect ratio of the cylinder, L/d, was approximately 20. The addition of the rings reduced the drag force for Re d ≥ 20000, even though the projected area increased. This was attributed to the formation of separation bubbles on both sides of the ring, which led to pressure recovery on the rear of the cylinder. The optimum ring configuration for drag reduction was found to be D/d = 1.3, W/d = 1.0, and P/d = 6 at Re d ≈ 30000, where D is the ring diameter, W is the spanwise width of the ring, and P is the spanwise pitch of the ring. This configuration reduced the drag force by 15%. In addition, the fluctuating lift, which was estimated from the fluctuating surface pressures, was weakened for all Reynolds numbers due to the suppression of vortex shedding.
Introduction
A two-dimensional bluff bodies subjected to cross-flow generates a three-dimensional wake by forming streamwise vortices in the spanwise vortex street (Ref. (1) and (2) among others). In connection to this, it is suggested that the vortex shedding can be suppressed by introducing streamwise vortices through three-dimensional surface modifications. Bearman and Owen (3) and Owen et al. (4) investigated drag reduction and vortex shedding suppression of a rectangular cylinder and a circular cylinder by introducing wavy separation lines. That is, a sinusoidal wavy front face was added to a cylinder with a rectangular cross-section and a sinusoidal wavy axis was added to a cylinder with a circular cross-section. As a result, the drag coefficient was reduced up to 30 -47% compared to the unmodified straight cylinders, even though the amplitude of the waviness was small; the ratio of the peak-to-peak wave height divided by the wavelength was approximately 0.1. Darekar and Sherwin (5) investigated the flow past a square cross-section cylinder with a sinusoidal wavy axis for Reynolds numbers up to 150 using numerical simulations. The results indicated that the minimum wave amplitude for vortex shedding suppression was achieved when the wavelength of the waviness was close to the mode-A wavelength (1) , which is equivalent to five to six times the length of a side of the square cross-section. Although these modifications dramatically reduce drag and suppress vortex shedding, they are only effective for a given flow direction relative to the cylinder. The next step is to develop geometries that are effective for all flow directions. Owen et al. (4) attached hemi-spherical bumps in a spiral pattern on the surface of a circular cylinder. This geometry resembles "helical strikes (6) " and "helical wires (7) " that are often attached to circular cylinders to suppress flow-induced vibration. Although these features were not initially designed for drag reduction, this geometry proposed by Owen et al. reduced the drag coefficient by 25% and suppressed the vortex shedding. Ahmed et al. (8)(9) studied the flow around a wavy circular cylinder. The diameter of the circular cross-section changed in a sinusoidal manner along the span of the cylinder. For this configuration, streamwise vortices formed near the geometric nodes of the cylinder, but the reduction of the drag coefficient was small, only 9% at maximum. Lam et al. (10)(11) investigated the wavy circular cylinder for a larger aspect ratio. For this experiment, the axial length divided by the mean diameter was approximately 27, and the drag coefficient was reduced by up to 20%. In the present study, cylindrical rings were attached to a circular cylinder, as shown in Fig. 1 . The advantages of this geometry are its axial symmetry and its simplicity for manufacturing. The proposed configuration reduced the drag coefficient up to 18%. Flow visualizations and flow measurements were conducted in order to investigate the reasons behind the drag reduction. The drag force was measured using a three-component balance (LMC-3504, Nissho) that was installed below the test cylinder. In this configuration, the lower endplate had a hole larger than the test cylinder diameter, so the balance was used to support the lower end of the cylinder. The upper end of the cylinder and the upper endplate were separated by approximately 0.5 mm. The portion of the cylinder that protruded below the lower endplate was enclosed within a pipe to prevent the fluid from acting on it.
The pressure and velocity measurements as well as the flow visualizations were performed with both ends of the cylinders affixed to the endplates. Two pressure transducers (PD104K-10K, Toyoda) buried inside the test cylinder were used to measure the surface pressures on the cylinder. Two 1.5 mm diameter pressure holes, each connected to a transducer, were constructed directly across from each other at the mid-span of the cylinder. These holes were used to simultaneously measure the fluctuating pressure on both sides of the cylinder (φ = ±90 o ). The resonance frequency of the pressure holes was calculated to be approximately 2 kHz, which indicated that frequencies below 400 Hz could be measured without accounting for the resonance effect. The circumferential and spanwise positions of the pressure holes were modified by rotating the cylinder around its axis and by sliding the rings along its span, respectively. 
Drag Reduction

Effect of the ring configuration
where n is the number of rings. Although the projected area increases when more rings are attached, the drag force is reduced compared to that of a 2D cylinder without rings, as shown in Fig. 2 . The minimum drag force occurs at D/d ≈ 1.3, W/d ≈ 1.0, and P/d ≈ 6 for both aspect ratios. The drag reduction is less significant for the smaller aspect ratio L/d = 18. This is probably due to the large three-dimensionality in the wake for the smaller aspect 
Effect of the Reynolds number
Changes in the flow by attaching rings
In order to investigate the reasons behind the drag reduction for Re d > 10000, flow visualizations were performed at Re d = 10000 and 20000. Figure 4 shows spanwise flow visualizations using the smoke-wire method. Placing a thin wire at an asymmetrical position (at x/d = -1.5 and y/d = 0.25) allows for the visualization of only the opposite side of the shear layer. As shown in Fig. 4 (a) , the vortex shedding behind the 2D cylinder is generally two-dimensional and the spanwise undulation is caused by the streamwise vortices (Ref. (2) and (13) Fig. 4 (b) . Although the vortex shedding at Re d = 10000 is basically the same as that for the 2D cylinder, it is evident that the spanwise vortex tube bifurcates behind the ends of the upper ring (Fig. 4(b) , Re d = 10000). This can be attributed to the different shedding frequencies for the base cylinder and the ring. In contrast, at Re d = 20000, the spanwise vortex tube is completely divided at the ring locations, exhibiting a highly three-dimensional flow behind the cylinder. Figure 5 shows the surface oil-film pattern around the ring. The separation line at Re d = 10000 is nearly two-dimensional for both the base cylinder and the ring, with a slight discontinuity in the separation angle at both edges of the ring. At Re d = 20000, however, the It should be noted that the flow on the ring itself for Re d ≥ 20000 is similar to that around a circular cylinder in the critical regime (3×10 5 < Re d < 1.5×10 6 ). The formation of the separation bubbles causes the wake to narrow, as shown later in Fig. 11(b) , and the pressure to recover on the rear of the ring. This, in turn, results in the drag reduction. Based on these results, it is reasonable to assume that the turbulent transition in the boundary layers occurs on the ring at the lower Reynolds numbers, between Re d = 10000 and 20000. The pressure recovery behind the ring, however, is smaller than that for the 2D cylinder in the critical regime. This is due to the formation of spanwise flow which equalizes the base pressure along span, as shown in Fig. 6 (b) . Figure 8 shows flow visualizations around the ring edge using the smoke-wire method. As shown in Fig. 8 (a) , a junction vortex, which is similar to the horseshoe vortex formed around a three-dimensional protuberance, is formed and it turns streamwise vortices at both sides. At Fig. 7 (a) , and thus, the wake width narrows to the same level as that for the base cylinder, as shown in Fig. 11 (b) and (c).
Changes in the vortex shedding characteristics
In contrast, there is only a single shedding frequency at Re d ≈ 20000 (f s = 151 Hz), regardless of the spanwise position. This may be due to the equalization of the shedding frequency between the base cylinder and the ring. Otherwise, it may be due to the disappearance of the vortex shedding behind the ring. It is not immediately clear why there is only a single shedding frequency. The similar trend was also observed for the wavy cylinder investigated by Lam et al. (10) . That is, the vortex shedding had a single frequency Figure 11 shows contours of the fluctuating velocity u rms /u 0 behind the cylinder in an x-y plane measured using an I-type hot wire probe. The distribution of u rms /u 0 at the wake center (y = 0) is shown in Fig. 12 . Although the value of u rms measured using the hot wire probe is not correct due to the variation in the flow direction in the separated flow region, we can discuss the qualitative value as follows. The value of u rms /u 0 for the 2D cylinder in Fig. 11 (a) is high at |y/d| = 0.5 -0.6 due to the fluctuation of the shear layer that has 
Suppression of Vortex Shedding
Fluctuating velocity
Fluctuating lift
As shown earlier in Fig. 7 , a weakening of the fluctuating velocity accompanies the weakening of the surface pressure fluctuation when the rings are attached to the cylinder. The explanation for the fluctuating lift suppression is not readily apparent, but may be related to the formation of streamwise vortices at both ends of the ring, which is shown in Fig. 8 . Owen et al. (4) and Darekar and Sherwin (5) also assumed that the streamwise vortices, which were generated by three-dimensional surface modifications, play a dominant role for the suppression of vortex shedding, although no evidence was depicted. Further study is necessary to clarify the reason behind the vortex shedding suppression.
Conclusions
Cylindrical rings were attached along the span of a cylinder at an interval of several diameters to reduce the drag and fluctuating forces caused by fluid flow. Experiments were performed at Reynolds numbers based on the cylinder diameter d ranging between Re d = 3000 for 38000. The aspect ratio of the cylinder, L/d, was approximately 20. (1) The experimental results revealed that the drag force on the ring-attached cylinder was lower than for the 2D cylinder, even though the projected area was higher. The optimum ring configuration for drag reduction was found to be D/d = 1.3, W/d = 1.0, and P/d = 6 at Re d ≈ 30000, where D is the ring diameter, W is the spanwise width of the ring, and P is the spanwise pitch of the ring. This configuration reduced the drag force by 15%. (2) The considerable drag reduction was attributed to the formation of separation bubbles on both sides of the ring in the Re d > 10000 -20000 range. This, in turn, led to the narrowing of the wake behind the ring and the pressure recovery at the rear of the ring. (3) The fluctuating lift, which was estimated from the fluctuating surface pressures, was also reduced for all Reynolds numbers examined due to the suppression of vortex shedding.
